The resin-I5 column developed in our laboratories rendered aqueous suspensions containing up to 5 x 10' cysts of Giardia muris or Giardia lamblia per ml incapable of excystation. The inhibition of excystation was effective at both 4 and 25°C. The addition of Na2S203 to column eluates containing cysts appeared to partially reverse the disinfectant action, and the reversal was more pronounced at 4°C than at 25°C. In contrast, the rapid removal of cysts from the column eluates by centrifugation and filtration or the use of other reductants, notably cysteine and glutathione, did not similarly reverse the disinfectant properties of the column. Based on these data, we suggest that the disinfecting agent is acquired by the cyst in its passage through the resin column and that either the disinfecting agent or its reaction can be partially and specifically neutralized by Na2S203. We hypothesize that the time between disinfectant acquisition and activity is a function of the thickness of the Giardia cyst wall and consequently takes longer at the lower temperature. Nevertheless, resin-I5 appears to inactivate a larger number of cysts in a shorter period of time with lower residual halogen levels than do agents of other published methods.
The resin-I5 column developed in our laboratories rendered aqueous suspensions containing up to 5 x 10' cysts of Giardia muris or Giardia lamblia per ml incapable of excystation. The inhibition of excystation was effective at both 4 and 25°C. The addition of Na2S203 to column eluates containing cysts appeared to partially reverse the disinfectant action, and the reversal was more pronounced at 4°C than at 25°C. In contrast, the rapid removal of cysts from the column eluates by centrifugation and filtration or the use of other reductants, notably cysteine and glutathione, did not similarly reverse the disinfectant properties of the column. Based on these data, we suggest that the disinfecting agent is acquired by the cyst in its passage through the resin column and that either the disinfecting agent or its reaction can be partially and specifically neutralized by Na2S203. We hypothesize that the time between disinfectant acquisition and activity is a function of the thickness of the Giardia cyst wall and consequently takes longer at the lower temperature. Nevertheless, resin-I5 appears to inactivate a larger number of cysts in a shorter period of time with lower residual halogen levels than do agents of other published methods.
Strongly basic quaternary ammonium anionexchange resin-triiodide (resin-I3) and -pentaiodide (resin-I5) behave as demand-type disinfectants (15) . Resin-I3 is an effective disinfectant against a wide variety of bacteria (4) and viruses (3) .
Giardia lamblia is the most frequently isolated intestinal parasite in the United States (8) . The typical infection results from the ingestion of water containing viable cysts introduced via fecal contamination by humans or animals (7) . G. lamblia is relatively resistant to chlorination (5) ; consequently, water treatment procedures deemed necessary to prevent waterborne giardiasis require the effective use of filtration devices (10) .
A recent report comparing the inactivation of G. lamblia with that of Giardia muris indicates that the latter is slightly more refractory to inactivation by chlorine (11) . This fact, coupled with the availability of purified G. muris cysts and the potential for future animal studies, prompted us to investigate the disinfectant properties of the resin-I3 and resin-I5 columns toward G. muris. In this evaluation, an improved in vitro excystation procedure for G. muris was t Contribution no. 83-69-J, Division of Biology and Department of Chemistry, Kansas Agricultural Experiment Station, Manhattan, KS 66506. utilized to determine the effectiveness of disinfectant activity.
MATERIALS AND METHODS Organisms. Purified G. muris cysts were obtained from outbred female Swiss albino mice (CF-1), using the cycle maintenance procedure developed by Roberts-Thompson et al. (12) . Routinely every week, each of 20 mice was infected per os with 1,000 cysts suspended in 0.2 ml of 0.01% (vol/vol) aqueous Tween 20. The specific-pathogen-free mice were 21 days old and were obtained from the Charles River Breeding Laboratories, Portage, Mich. The G. muris strain was initially obtained from Erick Hewlett and John Andrews at Case Western Reserve School of Medicine, Cleveland, Ohio. The strain was originally isolated from a naturally infected golden hamster (14) .
G. muris cyst suspensions were prepared by placing 60 to 80 cyst-producing mice on an overnight fecal collection, using suspension cages and collection pans containing paper toweling moistened with distilled water. The initial phase of separating the fecal material from the G. muris cysts involved successive passage of the aqueous fecal slurry through 10-, 20-, 40-, and 60-mesh Tyler sieves. After concentration and three aqueous washes of the sieved material by centrifugation at 500 x g, the G. muris cysts were further purified by two 1.0 M sucrose floats, using the method of Sheffield and Bjorvatn (13) . Finally, the G. muris cysts were subjected to sedimentation on Percoll at 1 x g. G. muris cyst suspension densities were determined with a hemacytometer, using an American Optical phase-contrast microscope.
G. lamblia cysts were obtained from stool specimens of symptomatic patients, supplied by Mary Hall at the Irwin Army Hospital, Fort Riley, Kans. Cysts were purified by using slight modifications of the procedure described by Bingham and Meyer (2) . Stool specimens were diluted with distilled water and filtered through a 925-p.m-aperture polyethylene mesh (Spectramesh, Fisher Scientific Co., Pittsburgh, Pa.) to remove large debris. The aqueous suspension was placed on an equal volume of 1.0 M sucrose and centrifuged at 600 x g for 5 min at room temperature. The water-sucrose interface was removed with a Pasteur pipette, diluted 1:10 with distilled water, and centrifuged at 600 x g for 5 min. The pellet containing the cysts was suspended in distilled water and again centrifuged on 1.0 M sucrose. The water-sucrose interface was collected and filtered through a 20-,umaperture nylon mesh (Spectramesh, Fisher). This filtrate was concentrated and resuspended to the required cyst density. G. lamblia cyst densities were measured with a Spencer Bright Line hemacytometer, using a Leitz-Wetzlar phase-contrast microscope.
Resin-I3 and resin-Is preparation. Resin-I3 was prepared by the method of Fina et al. (3) . Resin-I5 was prepared by the method of Lambert et al. (9) . Both resin-I3 and resin-I5 under the trade names Triocide and Pentacide, respectively, can be purchased from Water Technologies Corp., Ann Arbor, Mich.
Column procedures. The iodinated resins (9.3 meq) were poured as an aqueous slurry into glass columns (1.5 cm [inside diameter] by 50 cm) with a fiber glass plug. For resin-I3, 37.5 ml = 50 meq; for resin-I5, 36 ml = 50 meq. The column volume for resin-I3 was 6.93 cm3; the bed volume for resin-I5 was 6.70 cm3. These figures resulted in column heights of ca. 3.8 cm.
The column void volume (VO) was determined by applying an aqueous solution of dextran blue 2000 (Pharmacia Fine Chemicals, Piscataway, N.J.) to the columns and collecting 2-ml fractions. The VO was 12 ml for each column. The Giardia cyst suspensions of both strains were applied to the columns at concentrations of ca. 2 x 104 cysts per ml. The cyst forms of Giardia species are prolate spheroids 8 to 12 p.m long and 7 to 10 p.m wide.
By assuming that the average bacterium has a volume of 1 p.m3 and that both cysts and bacteria have equivalent densities, a concentration of 2 x 104 cysts per ml is equivalent to a bacterial density of 1 x 107/ml. The resin-I3 column is effective against bacteria at this concentration (15) . In addition, 2 x 104 cysts per ml represents a concentration that can be counted reproducibly with a hemacytometer.
The standard protocol was to apply the cyst suspension to the column. The stopcock was opened, and the initial 12-ml eluate (VO) was discarded. The 40-ml samples containing Giardia cysts were then collected and processed according to the individual experiment.
In all cases, a portion of the sample that had not gone through the column was included to evaluate the control excystation rate. The same set of iodinated and uniodinated columns was used in these experiments.
The initial flow rate when the sample was first added was ca. 80 ml/min. As the column emptied, the pressure decreased and the flow rate decreased to ca. 60 ml/min.
In vitro excystation. The excystation of G. lamblia was induced using the procedure of Bingham and Meyer (2) . For G. muris, the improved in vitro excystation procedure of Rice et al. (11) was modified. A 15ml portion containing 1 x 105 to 5 x 10' cysts was centrifuged at 200 x g for 2 min. All but 0.50 ml of the supernatant fluid was aspirated. A reducing solution (5 ml) consisting of 0.10 g of crystalline glutathione (reduced form) and 0.10 g of L-cysteine hydrochloride monohydrate in 10 ml of 1X Hanks balanced salt solution was added. A solution of 0.10 M NaHCO3 (5 ml) was then added. The tube was capped, vortexed vigorously, and placed in a 37°C water bath for 30 min. Cysts were then centrifuged at 200 x g for 2 min, and the supernatant fluid again was aspirated. A 10-ml solution of pancreatin (0.5 g in 100 ml of Tyrode solution containing 0.15 g of NaHCO3) was added to each cyst-containing tube. The tubes were vortexed vigorously and centrifuged at 200 x g for 2 min. After centrifugation, the supernatant fluid was aspirated and an additional 0.50 ml of the pancreatin solution was added. A 3-to 4-drop portion of each suspension was added to the well of a depression slide; the well was covered with a cover slip and sealed with Vaspar. Each slide was incubated in an inverted position for 30 min at 35°C. Slides were examined microscopically with an inverted phase-contrast microscope at x400. Percent excystation for G. lamblia was determined by the method of Bingham et al. (1) . For G. muris, the ELUTION VOLUME (ml) a Excystation rates were determined before (control) and after (13 and I5) column treatment of cysts.
cyst cases are stable after excystation; consequently, the number of cyst cases and unexcysted cysts were counted and the percent excystation was determined by % excystation = empty cyst cases/(empty cyst cases + unexcysted cysts).
In every experiment, control excystation frequencies were determined on cyst samples before their application on the respective resin columns. These frequencies are reported in each trial below. Excystation frequencies of the resin-treated samples were determined on cysts that were recovered after column passage.
RESULTS

Passage of G. muris cysts through the resin-I5
column. Approximately 35% of Giardia cysts come through the resin-I5 column in the volume of the sample that is applied. We sought, therefore, to ascertain the fate of the cysts that are retained. A partial answer is indicated in Fig. 1 ; Fig. la, b , and c, e.g., give the cyst concentrations of 40-ml samples of 240-, 280-, and 200-ml samples of G. muris cysts that have moved through the column. Generally, the first few samples have lower cyst concentrations than do subsequent ones. In Fig. lb , the crosshatched bars represent the cyst concentration of two 40ml samples of an 80-ml water wash of the column. Cysts that appeared to have stuck to the resin are eluted. They continue to elute (data not shown), but their concentration is too low to yield significant numbers by microscopic examination in a hemacytometer. We also compared the excystation frequencies of cysts coming off the column early, i.e., in the first 40-ml sample, with those of cysts coming off last (data not shown). There was no difference.
Variations in the cyst concentration profiles from the resin-I5 column depended on temperature, cyst concentration, and degree of cyst purity. Although we made no systematic study of the effect of these parameters on cyst retention, a microscopic examination of individual resin beads did indicate that cysts temporarily adhere to the resin bead surface (data not shown).
In vitro excystation of column-treated G. lamblha. In two preliminary experiments at room temperature with G. lamblia (Table 1) , no significant in vitro excystation occurred after passage of cyst suspensions through the resin-I5 column. In experiment 1, the excystation frequency of the resin-b3-treated suspension was 95% that of control samples. In experiment 2, the specimen was not applied to resin-I3.
In vitro excystation of column-treated G. muris. Table 2 contains the results of preliminary experiments in which G. muris at two different concentrations was passed through the resin-I3 and resin-I5 columns. Again, significant in vitro excystation occurred after resin-I3 passage at both cyst concentrations. In contrast, in vitro excystation was severely inhibited after resin-I5 treatment. No excystation was apparent in samples passed through resin-I5 at the lower cyst concentration, and only a 0.10% frequency was detectable at the higher concentration. 2 . Excystation rate of G. muris after passage through the resin-I5 column and treatment with Na2S203. Aqueous suspensions of G. muris cysts were added to the resin-I5 column. Samples of 40 ml were collected. Na2S203 was added at various times after collection. Control samples with and without Na2S203 indicated that the Na2S203 had no effect on the excystation reaction. Percent excystation is shown at 4°C (closed symbols) and 25°C (open symbols).
Since both sets of previous experiments indicated that a significant frequency of excystation occurred with the resin-I3-treated cysts, only resin-I5 was employed in further experiments. In addition, some experiments were conducted at 4°C to ascertain column action at this temperature. Table 3 contains the results of excystation studies of a large number of G. muris cysts treated with resin-I5. These studies were conducted over a period of 2 months with cysts prepared in three different purifications. The frequency of excystation of the controls varied as a function of cyst age, generally being higher when the cysts were newly purified. In no case could we detect excystation with resin-15-treated cysts.
Iodine reduction experiments. The resin-I5 column used in this experiment was assayed for released 12. These measurements indicated that after a cyst preparation had gone through the column the concentration of free iodine in the eluate was ca. 1.5 ppm (1.5 ,ug/ml). The possibility that eluted I2 was the active disinfectant prompted the following experiments. In the first trial, cysts were rapidly removed from the column eluate by filtration through a 5-,um nitrocellulose filter. Table 4 indicates that these cysts are incapable of excystation. A similar study in which cysts were removed from the eluate by rapid centrifugation gave similar results (data not shown). Finally, aqueous Na2S203 was added to column eluates at various times after passage through the column. This addition has the ability to interfere with the disinfectant activity for a variable period of time (Fig. 2) . After 3 min at 25°C, Na2S203 addition was no longer able to block disinfectant action, but at 4°C, 40 min was required before Na2S203 addition was no longer able to stop the ability of the disinfectant to inhibit the in vitro excystation.
Early in these experiments, we observed an apparent physical difference in cysts that passed through the resin-I3 and resin-I5 columns. Generally, resin-I3 cysts were phase bright, as were cysts used as controls. This correlates with a high excystation frequency. Resin-I5 cysts were phase dark, and this appeared to correlate with devitalized cysts. Figure 3 illustrates the quantitative correlation of these observations for experiments in which cysts were passed through the columns at 4 and 25°C.
DISCUSSION
The pentaiodide form of the strong base resin appears to be effective at preventing the in vitro excystation of G. lamblia and G. muris cysts. The samples which had been excysted e.g., those from resin-I3 and resin-I5 that are quickly neutralized with Na2S203, appear to have less motile trophozoites than do the control samples. This could be consistent with the excysted samples being partially damaged.
We hypothesize that Giardia cysts acquire iodine in a potentially lethal form on passage through the resin-I5 column. At 25°C, the loosely bound iodine is able to be neutralized by thiosulfate for up to 3 min, resulting in some excystation. At 4°C, the iodine can be neutralized for a period of up to 40 min for some cysts. That the thiosulfate effect is not due to neutralization of eluted free iodine is shown as follows. First, the concentration is ca. 1.5 ppm in these experiments. This concentration is too low for effective 12 disinfectant action (6) . Second, rapid filtration removes dissolved 12 but does not interfere with subsequent cyst inactivation. Fi-APPL. ENVIRON. MICROBIOL.
PERCENT PHASE-DARK CYSTS FIG. 3 . Excystation frequency as a function of the percentage of phase-dark cysts. Experiments were conducted at 25°C (a) and 4°C (b). Excystation frequency variation was produced by the addition of Na2S203. Cysts that did not excyst were scored as phase bright or phase dark. The percentage of phasedark cysts was calculated as the fraction of cysts that did not excyst. nally, in the first step of the in vitro excystation glutathione and cysteine reduce 12 in the eluate but appear to have no effect upon subsequent excystation.
We speculate that I2 must migrate through the rather thick cyst wall until it encounters critical sites in the trophozoite. During this time the disinfectant action is reversible. At 4°C it takes longer for this migration and thiosulfate addition more effectively reduces loosely bound I2. In this initial study, we did not attempt to examine the effect of flow rate on the efficacy of the resin-I5 column. Clearly, any water purification device that employed the resin would have to be evaluated under typical operating conditions. An initial flow rate, however, could be developed by confirming data present in this report. We envisage resin-I5 either alone or in conjunction with other components as a point-of-use device. Further study might indicate an additional role in traditional water treatment facilities.
No clear-cut relationship exists in the literature between the in vitro excystation rate and infectivity. It is proposed, therefore, that the next level of investigation should involve attempts to infect animals with the resin-I5-treated cyst suspensions.
